ABSTRACT: Vascular intrauterine growth restriction (IUGR) occurs in about 5% of pregnancies and may reduce the incidence of periventricular leukomalacia in preterm newborns. We evaluated neonatal excitotoxicity in a murine model of vascular IUGR involving unilateral uterine ligation on embryonic day (E)13.5. Birth weight was significantly decreased in the ligation group compared with the sham group (p Ͻ 0.001). VEGFs, VEGF receptors (VEGFRs), and NMDA receptor subunit mRNAs in brain extracts were assayed using quantitative RT-PCR. Ligation was associated with increased mRNAs for the vascular marker PECAM-1 on postnatal day (PD)2 and VEGFR-3 on PD2 and PD10, contrasting with decreased VEGFA and VEGFC on PD10. Microvessel density was increased on PD7. Ligated and sham pups received intracerebral ibotenate (NMDA agonist) on PD2 or PD10. 
I
ntrauterine growth restriction (IUGR) complicates up to 5% of pregnancies (1) . Complications of IUGR include fetal distress requiring preterm delivery and neonatal neurological abnormalities such as periventricular leukomalacia (PVL) (2, 3) . A large body of evidence supports a pivotal role for the excitatory neurotransmitter glutamate in the pathophysiology of perinatal brain lesions (4) . Glutamate induces overactivation of ionotropic receptors [i.e. N-methyl-D-aspartate (NMDA) and ␣-amino-3-hydroxy-5-methylisoxazole-4-propionate, AMPA-kainate] and metabotropic receptors, thereby triggering intracellular events known as the excitotoxic cascade, which ultimately causes neural cell death (4, 5) . Most cases of IUGR are due to vascular disorders associated with abnormal placental growth and blood flow (1) . Data on the relationship between vascular IUGR and brain lesions in newborns are conflicting. Some studies suggested a reduced risk of PVL in preterm newborns with vascular IUGR compared with other preterm infants (6, 7) . In contrast, more recent cohort studies found no decrease in neurological disabilities in premature newborns with vascular IUGR associated with maternal hypertension (8) . Thus, whether impaired placental blood flow affects the neonatal brain remains unclear.
Vascular IUGR can be viewed as a model of antenatal ischemic preconditioning (9 -11) . The term "preconditioning" designates numerous approaches used to elicit endogenous mechanisms, usually aimed at affording protection from further insults. Preconditioning may involve exposing organs (usually the heart or brain) to a broad range of conditions such as hypoxia-ischemia (9) , lipopolysaccharides (12, 13) , cobalt (14) , or volatile anesthetics (15) . In a previous study, we showed that postnatal hypoxic preconditioning exerted protective effects in a murine model of excitotoxic brain lesions induced by intracerebral (i.c.) injections of the NMDA glutamate agonist ibotenate (16) . This neuroprotective effect involves the vascular endothelial growth factor (VEGF)/VEGF receptor (VEGFR)-2/Flk-1 pathway, which has neurotrophic and angiogenic properties (16) . Few experimental studies focused on the potential for antenatal ischemic preconditioning to exert neuroprotective effects in the event of a neonatal insult. Olivier et al. studied rat pups with vascular IUGR induced by unilateral uterine artery ligation on embryonic day (E) 17.5 and exposure to a cerebral excitotoxic insult on postnatal day 5 (PD5). White matter (WM) lesion size was smaller in pups with moderate growth restriction and larger in pups with severe growth restriction, compared with control animals (11, 17) . The mechanisms involved in this differential effect of antenatal ischemia remain partly unclear. More specifically, the potential role for the time of ischemic preconditioning and/or age at postnatal excitotoxic insult remains to be determined.
We hypothesized that IUGR caused by reduced uterine blood flow in pregnant mice may have preconditioning like effects on the brain of the offspring subjected to injury at different postnatal ages. The aim of this study was to investigate the effects of antenatal uterine artery ligation on neonatal expression of VEGFs and their receptors, brain vascularization, NMDA receptor expression, and sensitivity to neonatal NMDA-induced neurotoxicity.
METHODS

Animals.
Animal care and housing were in accordance with guidelines issued by the Institut National de la Santé et de la Recherche Médicale (INSERM). Protocols were approved by the Normandy Regional Ethics Committee for animal experimentation, in accordance with French legislation (authorizations N/01-07-07/08/08-10 and N/04-09-06/17). Experiments were carried out on female Naval Medical Research Institute mice and their pups (Janvier, Le Genest Saint Isle, France). Animals were kept under normothermic conditions with a 12 h/12 h light/dark cycle and water and chow ad libitum.
Uterine artery ligation protocol in pregnant mice. The surgical procedure was performed on E13.5. Anesthesia was induced by isoflurane (Mundipharma, Issy-les-Moulineaux, France). Body temperature was maintained using a hotplate throughout surgery. Double permanent ligation of the left uterine horn containing the left uterine artery and vein was performed using surgical wire (Vicryl 4.0; Ethicon, Auneau, France). The sham procedure consisted in a laparotomy and exposure of the uterus outside the abdominal cavity without ligation. The number of embryos was counted in the ligation and control groups. After surgery, the wound was infiltrated with bupivacaine (Astra-Zeneca, Rueil-Malmaison, France; 2.5 mg/kg). All animals were maintained on the hotplate until they regained consciousness. Live pups were counted at birth. Fetal losses were measured as the differences between live births and in utero counts of fetuses at the time of surgery, expressed as percent. Each experimental group included at least two pregnant mice and their litters. All live pups from any female included were considered for the study without consideration of body weight.
Quantitative RT-PCR for VEGFs, VEGFRs, platelet endothelial cell adhesion molecule-1, and NMDA-R subunits. The telencephalons of newborns from two litters in each group were collected on PD2 (n ϭ 19 -24) or PD10 (n ϭ 22-26), immediately frozen, and stored at Ϫ80°C until use. Total RNA was extracted using a NucleoSpin RNA II kit (Macherey-Nagel, Düren, Germany), and the RNA concentration was determined based on the OD at 260 nm. Then, 1 g of RNA was reverse transcribed (Promega, Charbonnières, France).
Primers (Proligo, Paris, France; Table 1 ) were designed from GenBank mouse sequences using Primer Express V 1.0 software (Applied Biosystems). Quantitative RT-PCR was carried out in an ABI 7500 real-time PCR system using SYBR Green Mastermix (Applied Biosystems, Courtaboeuf, France). cDNA was amplified for 40 cycles, and expression of each gene was normalized for expression of glyceraldehyde 3-phosphate dehydrogenase mRNA.
Evaluation of brain vascular density in newborn mice. The effect of antenatal uterine vessel ligation (AUVL) on cortical vascular density was evaluated by immunolabeling of platelet endothelial cell adhesion molecule-1 (PECAM-1) or CD-31, a specific marker for endothelial cells. Pups were anesthetized with isoflurane (Mundipharma) on PD2, PD7, PD10, or PD15 and given an intracardiac perfusion of paraformaldehyde (4% diluted in 0.1 M PBS, pH 7.4; Sigma Chemical Co.). Brains were postfixed in 4% paraformaldehyde in PBS for 48 h. Forty micrometer slices were cut on a vibrant microtome (VT1000S; Leica Biosystems, Nussloch, Germany). The sections were stained with rat anti-PECAM-1 antibody (1:100; MEC 13.3; BD Pharmingen, Le Pont-De-Claix, France). Revelation was with an avidin-biotin horseradish peroxidase kit (Vector Laboratories, Burligame). At least five randomly selected animals from two different litters were included in each group, and immunoreaction was performed for six sections per brain. Vascular density in the frontoparietal lobes was estimated from the number of labeled vessel segments (length Ն10 m) per square millimeter determined by an investigator who was unaware of group assignment and who used stereological analysis software Mercator (Explora-Nova, LA Rochelle, France).
Intracerebral injection of excitotoxic drugs in newborn mice. Excitotoxic lesions of the developing brain were induced using stereotactic i.c. injections of the NMDA glutamate receptor agonist ibotenate (Sigma Chemical Co., St.-Quentin, France; 10 g/2 L in sterile PBS per animal) as previously described (16,18 -21) . Injections were performed on PD2 or PD10 under isoflurane anesthesia using a 26-gauge needle mounted on a calibrated Hamilton microdispenser, inserted 2 mm (on PD2) or 3 mm (on PD10) below the external surface of the scalp in the frontoparietal area of the right hemisphere. Two 1-L boluses were injected 10 s apart, and the needle was left in place for 10 additional seconds. Under these conditions, excitotoxins target both the cortex and the underlying periventricular intermediate zone on PD2, which has become WM by PD10. The pups were returned to their dams immediately after the injections.
Brain lesion size assessment in newborn mice. Lesion size was determined 5 d after ibotenate injection or in adulthood (PD42), as previously described (18 -21) . The pups were killed by decapitation at different times after lesion induction (PD7, PD10, or PD42), depending on the experiment. The brains were removed, fixed in 4% formaldehyde for 7 d, and embedded in paraffin. Former studies showed a strong correlation between the maximal radial and frontooccipital diameters of the ibotenate-induced lesions (18, 21) . Consequently, we cut serial 10-m sections from the frontal to the occipital pole in the coronal plane. All sections were stained with cresyl violet and examined by an investigator who was unaware of group assignment. Maximal lesion size was computed as the number of sagittal sections containing a visible lesion multiplied by 10 m.
Statistical analysis. The data were described as mean Ϯ SD (Q1-Q3). Results were compared using the following tests: fetal loss, Fisher's exact test; birth weight and vascular density, unpaired t test; brain lesion size, two-way ANOVA followed by unpaired t test; mRNA levels were measured by quantitative RT-PCR, one-way ANOVA followed by Bonferroni posttest. All statistical analyses were performed using Prism version 4 software (Graphpad Software, San Diego, CA).
RESULTS
Effect of AUVL on in utero fetal loss and birth weight.
The mean number of embryos was 14 Ϯ 3 in both the sham and the ligation group. At birth, litter size was 12 Ϯ 3 and Figure 1A and Fig. 1D ) but not on PD2, PD10, or PD15 (Fig. 1C, E, and F) . PECAM-1 immunolabeling of the WM was too faint to be measured.
Effect of AUVL on VEGFs, VEGFRs, PECAM-1, and NMDA receptor subunit mRNAs in the newborn brain. In newborn brains collected between PD2 and PD10 in the sham group, declines occurred in mRNAs for VEGFB (p Ͻ 0.05), VEGFC (p Ͻ 0.01), VEGFD (p Ͻ 0.001), and VEGFR-3 (p Ͻ 0.01; Fig. 2 ). AUVL did not modify the expression on PD2 of VEGFA, VEGFB, VEGFC, VEGFD, VEGFR-1, or VEGFR-2. Conversely, VEGFR-3 mRNAs and PECAM-1 mRNAs were significantly increased (p Ͻ 0.05) on PD2 (Fig.  2) . AUVL brains studied on PD10 exhibited decreased expression of VEGFA and VEGFC and increased expression of VEGFR3 (p Ͻ 0.05). No difference in PECAM-1 mRNA was found between the sham and AUVL groups (Fig. 2) .
In sham animals, mRNAs for the NMDA receptor subunits NR1 and NR2A increased between P2 and P10 (p Ͻ 0.001), whereas NR2B and NR3B mRNAs decreased (p Ͻ 0.05 and p Ͻ 0.001, respectively; Fig. 3 ). After AUVL, the only change in expression levels of these mRNAs on PD2 or PD10 was decreased NR3B mRNA on PD2 (p Ͻ 0.05; Fig. 3) .
Effect of AUVL on excitotoxic brain lesion size in newborn mice. In sham newborns, ibotenate induced WM atrophy and/or cavitary lesions surrounded by focal cortical necrosis (Fig. 4) . Ibotenate on PD2 after AUVL on E13.5 induced smaller cortical lesions compared with sham animals, on both PD7 and PD42 (Fig. 4B) . The cortex lesion size decrease in the AUVL group was highly significant [p 
DISCUSSION
We found that effects of experimental AUVL in pregnant mice included neonatal growth restriction, increased brain microvascular density, alterations in VEGFs and VEGFRs expression 2 and 10 d after birth, and alterations in NMDA-R-induced excitotoxicity during early and late postnatal development, with virtually no change in NMDA-R expression.
The model used consists in ligation of the left uterine horn, which blocks the flow of blood through the uterine artery and vein. The uterine vasculature is characterized by numerous anastomoses, which supply blood to the ligated side, explaining the very low mortality rate in our study. About half the fetuses are exposed to blood flow restriction. Labeling these fetuses in utero is not feasible. We therefore studied the full litters. Theoretically, the presence of animals from the nonligated uterine horn in the AUVL groups might result in heterogeneous changes in markers affected by blood flow restriction. However, Q3 of birth weights in AUVL pups was below Q1 in sham group, indicating that growth restriction in AUVL pups likely affected not only the fetuses located in the ligated uterine horn, and that the whole litter may be considered homogeneously. The expression of several gene products belonging to the VEGF family (VEGFB, VEGFC, VEGFD, VEGFR2, and VEGFR3) decreased between PD2 and PD10 in the sham animals. The only significant effect of AUVL on these products was a significant increase in VEGFR3, a receptor specifically involved in angiogenesis during development and whose activity is restricted to lymphangiogenesis in adult (22) . This increase may explain the enhanced PECAM expression in the ligation group on PD2, the increased microvessel density on PD7, and the reduced lesion size observed at PD7 in AUVL pups injected with ibotenate at PD2. Conversely, the enhanced VEGFR3 expression on PD10 was not associated with increases in PECAM expression or vascular density on PD10 and PD15, perhaps as a result of decreased expression of VEGFA and of VEGFC, the preferential ligand for VEGFR3 (22) . These modest changes in VEGFs and their receptors several days after in utero blood flow restriction differ markedly from findings in ischemic areas of postmortem human neonatal brains, where increases in VEGFA and VEGF-R2 are the most prominent features (23) . Therefore, our findings in mice with IUGR probably reflect an alteration in the schedule of vascular ontogenesis, with early angiogenesis on PD7 and normalization as early as PD10.
AUVL significantly decreased ibotenate-induced cortical and WM lesions on PD2, by nearly 50%, whereas it slightly but significantly worsened lesions induced on PD10. Quantification of mRNAs for NMDA receptor subunits showed no significant alterations in the expression of these receptors. Thus, changes in these receptors cannot explain the increased NMDA agonist toxicity, in contrast for instance to data from neonates born to dams subjected to chronic mild stress during pregnancy (24) . This finding suggests that AUVL may alter NMDA receptor function downstream from receptor expression. The timing of the effect of AUVL on ibotenate toxicity, with a protective effect initially and a deleterious effect later on, suggests a transient preconditioning mechanism (16, 17) . Previous work suggests that VEGFs and their receptors may play pivotal roles in various preconditioning paradigms (9, 16, 25, 26) . However, the mechanisms involved in the effects of AUVL seemed different from VEGFR2-mediated neuroprotection after postnatal hypoxia (16) . Age is a critical parameter that must be taken into account when evaluating the influence of a single injury. Our data from sham-operated animals confirm our earlier finding (27) that ibotenate-induced lesions are smaller when produced on PD10 than when produced on PD2, in the cortex and, to a lesser extent, the WM. This result does not constitute evidence for involvement in the protective effect of VEGFs and their receptors, whose mRNA expression declined between P2 and P10 in sham pups. Preconditioning strategies have different consequences depending on the age of the animal at the time of preconditioning and/or injury (12, 17) . Preconditioning induced by antenatal exposure to a low dose of lipopolysaccharide sensitizes the neonatal brain to hypoxia-ischemia but decreases the severity of brain injury in adult animals (13) . Our finding of differential effects of a single insult depending on the time since AUVL indicates that, after the putative preconditioning effect affording neuroprotection on the PD2-PD7 period, lasting changes occurred in the brain of pups exposed to AUVL sensitizing them to excitotoxicity of ibotenate. These effects might be concomitant but masked at earlier terms due to anticipated vascularization that would be protective. Irrespective of the effects found 5 d after ibotenate injection, the decrease or amplification of its toxicity in AUVL pups observed early after the ibotenate injection was still present in adulthood, ruling out long-term AUVL effects on recovery. Numerous studies in women with preeclampsia or fetuses having IUGR showed alterations in VEGFs, PlGF, and their receptors in the placenta, and increases in soluble VEGFR1 (sFlt-1) in the peripheral bloodstream (28 -30) . However, these markers failed to predict the outcome. Conversely, retrospective studies showed that restricted uterine blood flow, preeclampsia, or IUGR were associated with decreased rates of PVL (7, 8) or CP (6) in preterm infants. Our model of i.c. ibotenate injection on P2 or P10 has been validated as accurately replicating excitotoxic lesions in human preterm or full-term neonates (21, 27) . Our findings regarding excitotoxic lesion severity when ibotenate is injected early after AUVL (PD2) are in line with the decreased incidence of short-term excitotoxic lesions in infants with IUGR. The enhanced sensitivity to excitotoxin on PD10 in the AUVL group is also consistent with the high rates of cognitive deficiency, behavioral problems, and school difficulties in older children born with IUGR (31) . In theory, these disabilities may result from the environment later in infancy or from underlying neurodevelopmental defects masked by short-term protective effects of operant preconditioning in the early postnatal period. It would be of interest to perform cognitive tests in noninjured AUVL-exposed adult animals.
In conclusion, AUVL has differential effects depending on age at injury, and these effects are consistent with observations in human infants. Although the apparently neuroprotective effect of IUGR in the event of insults in early infancy may be viewed as beneficial, IUGR has detrimental long-term effects. Early neovascularization as a component of putative operant preconditioning may account for the transient neuroprotective effect. The mechanisms underlying lasting sensitization to injuries remain obscure. The AUVL model may help to elucidate the effects of IUGR and their underlying mechanisms, in particular, via studies of behavior and cognition in adult AUVL-exposed mice. 
